Sindbis virus (SV) causes acute encephalomyelitis by infecting and inducing the death of neurons. Induction of apoptosis occurs during virus entry and involves acid-induced conformational changes in the viral surface glycoproteins and sphingomyelin (SM)-dependent fusion of the virus envelope with the endosomal membrane. We have studied neuroblastoma cells to determine how this entry process triggers cell death. Acidic sphingomyelinase was activated during entry followed by activation of neutral sphingomyelinase, SM degradation, and a sustained increase in ceramide. Ceramide-induced apoptosis and SV-induced apoptosis could be inhibited by treatment with Z-VAD-fmk, a caspase inhibitor, and by overexpression of Bcl-2, an antiapoptotic cellular protein. Acid ceramidase, expressed in a recombinant SV, decreased intracellular ceramide and protected cells from apoptosis. The data suggest that acid-induced SM-dependent virus fusion initiates the apoptotic cascade by inducing SM degradation and ceramide release.
Alphaviruses, enveloped plus-strand RNA viruses, are important causes of mosquito-borne viral arthritis and encephalitis worldwide (25) . Neurons are the primary target cell in the central nervous system of hosts that develop encephalitis. Sindbis virus (SV), the prototypic alphavirus, causes neuronal infection in mice (22) , and studies of this infection have provided important insights into the molecular mechanisms underlying virus-induced encephalomyelitis.
Like other alphaviruses, SV has three major structural proteins, two surface glycoproteins, E1 and E2, and a capsid protein that surrounds the genome. E1 and E2 heterodimerize and then trimerize to form spikes on the virion surface that mediate virus binding and entry (55) . E2 is the primary determinant of binding to cellular receptors, and E1 is responsible for cholesterol-dependent binding to liposomal membranes and contains the hydrophobic domain essential for virus-cell fusion (8, 43) . Alphavirus fusion occurs in the endosome and requires an acid-induced conformational change in the E1-E2 heterodimer and a target membrane that contains sphingomyelin (SM) (8, 46, 59) .
SV infects many types of cells in culture and induces apoptosis in neurons and other vertebrate cells in vitro and in vivo (31, 32) . The study of SV-induced apoptosis offers a powerful system for defining important cellular mechanisms regulating virus-induced cell death since recombinant viruses can be used to express modifiers of the apoptotic process in virus-infected cells. Studies using these recombinant SVs have shown that SV-induced apoptosis can be slowed or prevented by caspase inhibitors and by Bcl-2 family member proteins (10, 30, 31, 45) . However, the mechanism of induction of apoptosis by SV is largely unknown.
In the best-defined systems, tumor necrosis factor (TNF)-and Fas ligand-induced cell death, apoptosis is initiated at the cell membrane through cross-linking of a transmembrane protein belonging to the TNF receptor family. Cross-linking initiates a cascade of intracellular events resulting in death of susceptible cells. Many viruses that cause acute infections and host cell destruction induce apoptosis. Some viruses initiate this process at the time of binding or entry (7, 20, 50) , while others initiate the process after infection is established and viral proteins are produced (4) . Previous studies of SV-induced apoptosis have shown that cell death is most efficiently induced when the structural proteins are present (17) , that transient overexpression of the transmembrane portions of either E1 or E2 induces apoptosis (24) , and that induction of apoptosis does not require virus replication but does require virus fusion with the cell membrane (23) .
Since alphaviruses require sphingolipids containing ceramide (i.e., SM) to be present in the cell membrane as a cofactor for fusion (46) , we investigated the role of the SM pathway in SV-induced apoptosis and have found that SV infection rapidly induced activation of acidic sphingomyelinase (aSMase) to hydrolyze SM and release ceramide, a well-defined intracellular mediator of apoptosis (47) . Mg 2ϩ -dependent neutral sphingomyelinase (nSMase) was activated at later times, leading to a prolonged increase in intracellular ceramide. Recombinant SV expressing acid ceramidase (AC) decreased levels of ceramide and delayed virus-induced cell death. Our results suggest that SV-induced apoptosis can be triggered by activation of aSMase associated with the endosomal membrane during the SM-requiring process of virus-cell fusion, leading to the release of ceramide and induction of apoptosis.
MATERIALS AND METHODS
Cell culture and biological reagents. Mouse neuroblastoma cell line N18 (3), baby hamster kidney cell line BHK-21, type A Niemann-Pick disease (NPD) and control fibroblasts, and rat prostate carcinoma cell line AT3 transfected with the expression vector pZipNeo (AT3Neo) or the recombinant vector pZipBcl-2 (AT3Bcl-2) (31) were grown in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum. Cell viability was assessed by trypan blue exclusion. Fumonisin B1, C 2 -ceramide, diacylglycerol, phosphatidic acid, bisbenzimide (Hoechst 33258), 6-dimethylaminopurine (DMAP), and okadaic acid (OKA) were obtained from Sigma Chemical Company (St. Louis, Mo.). Z-VADfmk was obtained from Alexis (San Diego, Calif.).
Virus preparation. Neuroadapted SV (NSV), derived by serial passage of wild-type SV (strain AR339) in mouse brain (18) , was plaque purified, grown, and assayed in BHK-21 cells. For purification, virus was precipitated in 10% (wt/vol) polyethylene glycol 8000 in 0.5 M NaCl, pelleted, suspended in NET buffer (10 mM Tris, 3 mM EDTA, 150 mM NaCl, pH 7.4), and banded in a continuous 15-to-40% potassium tartrate gradient. Banded virus was dialyzed against 0.05M Tris-Cl (pH 7.4) and stored in aliquots at Ϫ70°C. Virus was UV inactivated at 4°C with a germicidal lamp (254 nm) at a distance of 5 cm for 30 min. Inactivation was confirmed by plaque assay on monolayers of BHK-21 cells.
Lipid studies. N18 cells were pelleted, washed twice with ice-cold phosphatebuffered saline (PBS), and extracted with chloroform-methanol-1 N HCl (100: 100:1, vol/vol/vol). Lipids in the organic phase were dried in a vacuum dryer and subjected to mild alkaline hydrolysis (0.1 N methanolic KOH for 1 h at 37°C) to remove glycerophospholipids. Samples were reextracted, and the organic phase was dried. Detergent solution (20 l of 7.5% n-octyl-␤-glucopyranoside with 5 mM cardiolipin in 1 mM diethylenetriamine-pentaacetic acid) was added, and the sample was sonicated. Ceramide was measured using the sn-1,2-diacylglycerol kinase assay reagent system and labeling for 30 min with 1 mCi of [␥-
32 P]ATP in 10 l of 5 mM ATP (57) (Amersham, Arlington Heights, Ill.). Ceramide-1-phosphate and sphingosine-1-phosphate were resolved by thin-layer chromatography on Silica Gel 60 plates (Whatman, Clinton, N.J.) using a solvent of chloroform-methanol-acetic acid (65:15:5) and detected by autoradiography. Incorporated 32 P was quantified by scraping the spots and counting radioactivity in a liquid scintillation counter. Diacylglycerol was quantified in a similar manner to ceramide, except that the alkaline hydrolysis step was omitted.
Changes in SM levels were measured by labeling cells to isotopic equilibrium with [ 3 H]choline chloride (79.2 Ci/mmol; 1.0 Ci/ml; Dupont New England Nuclear) for at least four cell doublings. After infection with NSV, cellular lipids were extracted, dried, and subjected to alkaline hydrolysis as described for ceramide measurement. SM was resolved from residual phosphatidylcholine and lysophosphatidylcholine by thin-layer chromatography using a solvent of chloroform-methanol-acetic acid-water (50:30:8:4), identified by iodine vapor staining, and quantified by liquid scintillation counting.
SMase assays. Activities of aSMase and nSMase were measured according to previously described methods with minor modifications (49) . In brief, 5 ϫ 10 6 N18 cells were scraped from the culture plates, washed with PBS, and disrupted by repeated passage through a 25-gauge needle. Nuclei and cell debris were pelleted at 800 ϫ g for 5 min. Supernatant fluid was collected, and the protein concentration was measured using the Bio-Rad (Hercules, Calif.) protein detection kit. To measure SMase activity, 50 g of protein was incubated for 90 min Assessment of apoptosis. A total of 5 ϫ 10 6 NSV-infected or C 2 -ceramidetreated N18 cells were scraped from the culture plates and washed with PBS. Genomic DNA was isolated with DNA ZOL and incubated with RNase (1g/ml) at 50°C for 1 h. DNA (10 g) from each sample was electrophoresed through a 2.0% agarose gel in TAE buffer (40 mM Tris acetate, 2 mM EDTA) and stained with ethidium bromide.
Morphological changes in the nuclear chromatin were visualized by staining with the DNA-binding fluorochrome bis-benzimide. In brief, cells were pelleted, washed with PBS, and resuspended in 50 l of 3% paraformaldehyde in PBS. After 10 min cells were washed and resuspended in 15 l of PBS containing 16 g of bis-benzimide per ml. Five hundred cells were scored for the presence of apoptotic chromatin changes using a Nikon Eclipse E800 fluorescence microscope. Cells with two or more chromatin fragments were considered apoptotic.
Construction of recombinant SV vectors encoding the AC gene. A plasmid, pACFL, encoding the full-length human AC gene was provided by Konrad Sandhoff (Institute of Organic Chemistry and Biochemistry, Bonn, Germany). The plasmid was digested with BamHI and SalI. The fragment containing the 1,185-bp AC open reading frame was blunt end-ligated into the BstEII site of the double subgenomic SV vector (dsTE12) (10) in forward and reverse orientations. dsTE12 DNA containing AC was linearized with XhoI and transcribed in vitro using SP6 RNA polymerase. Stocks of recombinant viruses were generated by transfecting the full-length RNA into BHK-21 cells and collecting the supernatant fluid when more than 70% cytopathic effect was observed. Virus titers were determined by plaque assay on BHK-21 cells.
RESULTS

SV infection induces ceramide release.
To determine whether SV infection leads to increased ceramide production, N18 cells were infected with NSV at a multiplicity of infection (MOI) of 50, which results in synchronous infection of all the cells. Levels of intracellular ceramide were measured, and an increase was detectable by 2 h after initiation of infection (Fig.   1A ) and peaked between 2 and 6 h at 2.2 times control levels (Fig. 1B) . Diacylglycerol levels remained at 80 to 100% of control levels. Sphingosine levels increased slightly (Fig. 1A) , possibly due to in vitro catabolism of ceramide. Levels of ceramide decreased between 6 and 10 h after NSV infection (Fig. 1B) , a time of rapid increase in virus production (56) .
Ceramide mimics SV infection in inducing apoptosis. To determine whether ceramide alone could induce apoptosis, N18 cells were treated with a ceramide analog, C 2 -ceramide, which has two carbons rather than the 18 carbons of ceramide and is cell permeable, and assessed for apoptosis. C 2 -ceramide mimicked SV infection by inducing oligonucleosomal DNA fragmentation ( Fig. 2A ) and the appearance of typical apoptotic nuclear changes (Fig. 2B) . The induction and extent of apoptotic morphology depended on the dose of ceramide, with 40 M C 2 -ceramide being the minimum required for inducing apoptosis of all cells (data not shown). Treating cells with 50 M dihydroceramide, the immediate precursor of ceramide, which lacks the double bond at C-4-C-5 of the sphingosine backbone, did not result in apoptosis (Fig. 2C) . Furthermore, other cell-permeable analogs of lipid second messengers, including sphingosine, 1,2-diacylglycerol, and phosphatidic acid, did not induce apoptosis (Fig. 2C) .
Mechanism of ceramide generation. Ceramide can be generated by hydrolysis of membrane SM by SMase or by biosynthesis from sphingosine by ceramide synthase (40) , and both pathways can lead to apoptosis. TNF alpha (TNF-␣), Fas ligand, and ionizing radiation activate the apoptotic pathway by increasing intracellular ceramide through hydrolysis of SM (11, 28) , while the chemotherapeutic agent daunorubicin activates ceramide synthase (5) . To determine the mechanism of SVinduced ceramide generation, we measured SM levels during NSV infection. As the ceramide level increased, there was a concomitant decrease in content of cellular SM ( 3A). Cellular SM levels decreased soon after infection and reached a minimum of 4 to 6 h, suggesting that ceramide generated in the infected cells was derived from hydrolysis of membrane SM.
To confirm this observation cells were treated with fumonisin B1, a potent inhibitor of ceramide synthase (41) . Preincubation of N18 cells with fumonisin B1 delayed, but did not prevent, NSV-induced ceramide elevation (Fig. 3B) . Intracellular ceramide levels increased by 12 h after NSV infection in the presence of fumonisin B1, whereas fumonisin B1 alone did not induce the elevation of ceramide levels. Fumonisin B1 may delay NSV-induced ceramide generation by inhibiting virus entry or by having a toxic effect on N18 cells. This result, combined with the slightly increased sphingosine level (Fig.  1B) , indicated that ceramide in infected cells was not generated by synthesis from sphingosine.
To determine the involvement of SMase in the generation of ceramide, a micellar assay system was used. aSMase and nSMase were distinguished by adjusting the buffer pH to the activation requirements of the SMase. Membrane-associated, Mg 2ϩ -dependent and cytosolic, Mg 2ϩ -independent nSMases (9, 48) were distinguished by using buffers with and without Mg 2ϩ . aSMase activity increased quickly and peaked at a maximum of 1.7-fold control 90 min after infection. Mg 2ϩ -dependent nSMase activity also increased, but with a peak (1.5-fold control) at 4 h (Fig. 4A ). An additional peak at 8 h may represent activity of a different nSMase or secondary activation by downstream mediators. Mg 2ϩ -independent nSMase activity increased only slightly after NSV infection.
UV-inactivated NSV can trigger apoptosis when cells with virus bound to the surface are transiently exposed to a lowpH environment to induce virus-cell fusion (23) . To determine whether ceramide was generated during such fusion, intracellular ceramide levels were assessed (Fig. 4B) . Ceramide was generated when N18 cells with bound replicationdefective UV-inactivated NSV were exposed to low pH, with pH 5.0 being more efficient than pH 6.0. Generation of ceramide was dependent on the acid-induced fusion event since it did not occur if endosomal acidification was blocked by treatment of NSV-infected N18 cells with NH 4 Cl (Fig.  4C) . By 48 h after NSV infection, more than 40% of the NH 4 Cl-treated cells were alive, while all untreated cells were dead (Fig. 4D) . NSV infection did not stimulate the release of choline or increase diacylglycerol (data not shown), indicating that phosphatidyl choline-specific phospholipase C was not activated. The tight coupling of NSV infection, aSMase activation, and ceramide generation within 1 to 2 h; dependence of ceramide generation on endosomal acidification; and the fact that pH 4.5 to 5.0 is optimal for aSMase activity suggest that activation of aSMase occurs in the endosome during the viral fusion event.
Activation of nSMase is sufficient for SV to induce apoptosis. To determine whether activation of aSMase is necessary for SV to induce apoptosis, fibroblasts from a patient with type A NPD, an inherited deficiency of aSMase (29), were studied. Surprisingly, NPD fibroblasts died more rapidly after NSV infection than control fibroblasts (Fig. 5A) . This was accompanied by an increase in the level of ceramide (Fig. 5B) . There was no aSMase activity induced in NPD fibroblasts (Fig. 5C ), but nSMase was activated early to a greater extent than in control fibroblasts (Fig. 5D) , suggesting the presence of compensatory SMase mechanisms.
Inhibitors of protein kinases and phosphatases protect SVinfected cells against death.
Ceramide influences protein phosphorylation by directly activating at least two target enzymes, ceramide-activated protein kinase (CAPK) and ceramide-activated protein phosphatase (CAPP) (16, 35 ). An inhibitor of protein kinase, DMAP (38) , and an inhibitor of protein phosphatase, OKA (51), were used to evaluate the roles of protein phosphorylation and dephosphorylation in SV-induced apoptosis triggered by an increase in ceramide. Both DMAP and OKA were protective against SV-induced cell death (Fig. 6A  and 6B) . By 48 h after NSV infection, most untreated cells were dead, while 62% of DMAP-treated cells and 75% of OKA-treated cells survived. To determine whether DMAP or OKA has an effect on SV entry or intracellular replication, we examined viral protein synthesis by labeling infected cells with [ 35 S]methionine and determined virus titers in the culture medium. DMAP had no effect on viral protein synthesis or virus production, but OKA delayed viral protein synthesis and inhibited virus production possibly due to effects on E2 processing (36) . These results imply that protein phosphorylation is an important determinant of SV-induced cell death and ceramide may trigger these reactions.
Caspase inhibition and Bcl-2 expression protect cells against SV-and ceramide-induced death. To determine whether caspase is involved in induction of death of SV-infected and ceramide-treated N18 cells, we preincubated cells with a caspase inhibitor, Z-VAD-fmk, prior to infection with NSV or treatment with C 2 -ceramide. Z-VAD-fmk effectively blocked both NSV-and ceramide-induced cell death (Fig. 6C) . To investigate the contribution of Bcl-2 to protection from these inducers of apoptosis, AT3 cells overexpressing Bcl-2 and control AT3-Neo cells (31) were examined for their resistance to NSV-and ceramide-induced cell death. Bcl-2 protein protected against apoptosis induced by both NSV infection and C 2 -ceramide treatment (Fig. 6D) . AC protects NSV-infected cells against death by decreasing intracellular ceramide. AC specifically catalyzes the hydrolysis of ceramide into sphingosine and free fatty acid (27) . The AC gene was inserted in both forward and reverse orientations into a double subgenomic SV vector (10) (Fig. 7A) . Viabilities of N18 cells infected with recombinant SV encoding AC in the forward orientation (TE12AC-F) were higher than those infected with recombinant SV carrying the reverse AC gene (TE12AC-R) at all MOIs tested (Fig. 7B) . To confirm the expression and activity of the encoded ceramidase, ceramide levels in these cells were measured. Early in infection ceramide in TE12AC-F-infected cells was similar to that in TE12AC-Rinfected cells, consistent with predicted translation of the subgenomic RNA beginning 3 to 4 h after infection. However, by 4 to 6 h the level of ceramide in TE12AC-F-infected cells was lower than that in TE12AC-R-infected cells (Fig. 7C ). These results demonstrate that SV-infected cells can be protected from death by decreasing intracellular ceramide levels and further demonstrate that ceramide is an important mediator in inducing SV-induced cell death.
DISCUSSION
SV activates aSMase to generate ceramide during the process of fusion with the cell membrane. Studies of alphavirus fusion have shown that acid-induced fusion with liposomal membranes requires the presence of sphingolipids in the target membrane. The need for sphingolipid is confined to the actual fusion event, with cholesterol being necessary and sufficient for low-pH-dependent binding of virus to the target membrane (8, 46) . Thus, the virus membrane, and presumably the transmembrane viral surface glycoproteins, must interact with SM present in the outer leaflet of the membrane during the process of fusion and entry. Only small amounts of SM are required, suggesting that SM acts as a cofactor for activation of the viral fusion protein (46) . The interaction is stereospecific, and the minimal molecular characteristic of SM essential for alphavirus fusion is presence of the ceramide portion of the sphingosine backbone, which must have a 3-hydroxyl group and a 4,5-transcarbon double bond (12, 42) . Importantly, this 4,5-transcarbon double bond is also required for ceramide-induced apoptosis, since a ceramide analog, C 2 -dihydroceramide, which lacks this double bond, is inefficient in inducing apoptosis (47) .
All three forms of SMase are capable of initiating signaling through production of ceramide (60) . TNF-␣-induced apoptosis has been particularly well studied. TNF-␣ binding to the 55-kDa TNF receptor activates aSMase and nSMase through distinct pathways initiated by separate cytoplasmic domains of TNF-R55 (1, 2, 53, 60) . Membrane-associated nSMase activation is initiated by interaction of a novel WD repeat protein, FAN, with the nSMase domain of TNF-R55 (1). Activation of aSMase occurs later and is initiated through interaction of the proapoptotic adapter proteins TRADD and FADD with the death domain of TNF-R55 and involves the activation of phosphatidyl choline-specific phospholipase C and an interleukin-1 (IL-1) cleavage enzyme (ICE)-like protease (6, 14, 19, 54) .
Like TNF-␣, SV also activates both aSMase and nSMase, but aSMase activation occurs first and nSMase activation is later. Studies in aSMase-deficient NPD fibroblasts show that activation of nSMase by SV can also lead to early increases in ceramide and apoptosis. Cell type differences may also play a role since in the normal fibroblasts aSMase was not induced until 4 h after infection when there was also a detectable increase in nSMase activity, which was greatly exaggerated in the NPD fibroblasts. SV activation of aSMase may be more analogous to the activation of aSMase by IL-1, which is linked to the internalization of IL-1 receptor 1 mediated by the IL-1 receptor activating protein (21) . After binding to a cellular receptor SV is rapidly internalized and fusion of the viral envelope and the endosomal membrane occurs within 30 min (39) . Preincubating cells with NH 4 Cl, which has no effect on virus binding, prevents virus fusion by blocking the decrease of endosomal pH and inhibits the generation of ceramide. It is possible that either the E1 or E2 protein directly interacts with SM and induces activation of aSMase during the fusion process. Studies of transient expression of various viral proteins have suggested that the transmembrane regions of either E1 or E2 can induce apoptosis (24) , possibly through their participation in this process.
Ceramide is an early mediator for triggering SV-induced apoptosis. Ceramide has been shown to be involved in cell differentiation, cell cycle arrest, and apoptosis (19) . Ceramide is implicated as a mediator in the apoptotic signaling of a variety of inducers of apoptosis, including TNF-␣, Fas ligand, neurotrophins, ionizing radiation, cytokines, heat shock, UV light, antitumor drugs, and oxidative stress (11, 15, 19, 52, 58) . In most of these cases, ceramide is generated by hydrolysis of membrane-associated SM and the elevation of ceramide precedes apoptosis as it does in SV-induced apoptosis. Treatment of N18 cells with C 2 -ceramide induced apoptosis. Furthermore, AC, which degrades intracellular ceramide, protected NSV-infected cells from death.
The details of the apoptotic pathway downstream of ceramide are not fully known because the range of immediate ceramide targets has not been completely elucidated. Direct targets for ceramide action include membrane-associated CAPK, a member of the proline-directed family of serine/ threonine protein kinases (26) , and CAPP, a member of the heterotrimeric protein phosphatase 2A family (16) . CAPK, in response to TNF-␣ activation of nSMase, phosphorylates Raf1, activating the mitogen-activated protein kinase cascade (61) . DMAP, a protein kinase inhibitor, abrogates or significantly attenuates TNF-␣-induced cytotoxicity (38) . Functions of CAPP are inhibited by the phosphatase 2A inhibitor OKA (16) . Both DMAP and OKA are protective against SV-induced cell death, indicating that a series of kinase and phosphatase reactions occur in the SV-triggered apoptotic pathway. Ceramide can also activate protein kinase C-and link cytokine receptors to NF-B activation (37, 44) . In AT3 but not N18 cells, antisense RNA of NF-B blocks SV-induced apoptosis through inhibition of constitutive NF-B expression (33, 34) . However, ceramide induced by TNF does not lead to transcription of NF-B-dependent genes (13) . Further studies of the ceramide targets, their functions, compartmentalization, and consequent effects are necessary for the understanding of the downstream pathway of SV-triggered, ceramide-induced apoptosis. 
